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Abstract 



The mechanism of "cold electroweak baryogenesis" has been so far unpopular be- 
cause its proposal has relied on the ad-hoc assumption of a period of hybrid inflation at 
the electroweak scale with the Higgs acting as the waterfall field. We argue here that 
cold baryogenesis can be naturally realized without the need to introduce any slow- 
roll potential. Our point is that composite Higgs models where electroweak symmetry 
breaking arises via a strongly first-order phase transition provide a well-motivated 
framework for cold baryogenesis. In this case, reheating proceeds by bubble collisions 
and we argue that this can induce changes in Chern-Simons number, which in the 
presence of new sources of CP violation commonly lead to baryogenesis. We illustrate 
this mechanism using as a source of CP violation an effective dimension-six operator 
which is free from EDM constraints, another advantage of cold baryogenesis compared 
to the standard theory of electroweak baryogenesis. Our results are general as they do 
not rely on any particular UV completion but only on a stage of supercooling ended by 
a first-order phase transition in the evolution of the universe, which can be natural if 
there is nearly conformal dynamics at the TeV scale. Besides, baryon- number violation 
originates from the Standard Model only. 
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1 Introduction 

There are two major approaches to explain the matter-antimatter asymmetry of the universe. 
One is called leptogenesis, in which case the asymmetry is produced by the decay of right- 
handed neutrinos in the early universe. The underlying assumptions are that neutrinos are 
Majorana particles and that the reheating temperature of the universe has to be at least 
~ 10 11 GeV. Leptogenesis is theoretically well-motivated (for a review see e.g. pQ), the main 
drawback is the difficulty to test this mechanism, in particular because the CP violation 
involved in this process does not manifest itself in low-energy experiments. The fact that 
the required reheating temperature of the universe is quite large may also be a concern, as 
we will further develop in this paper. 

A second avenue, the so-called electroweak baryogenesis mechanism [2], is to consider 
that the matter-antimatter asymmetry has nothing to do with lepton number violation and 
is produced at the electroweak (EW) epoch [3]. In this case, the sole source of baryon 
number violation is from the Standard Model sphalerons. Since sphaleron processes are at 
thermal equilibrium before the electroweak phase transition and are exponentially suppressed 

in the EW broken phase as ~ exp ^— yJ^C ^p^ j , where 1.5 < C < 2.7 depends on the 
Higgs mass, the common lore is that an asymmetry can only be generated during the EW 
phase transition, provided that it is first-order. The process is non-local as it relies on 
charge transport in the vicinity of the CP-violating bubble walls. Because it involves EW 
scale physics only, this mechanism is particularly appealing and will start to be tested at 
the LHC While it is relatively easy to modify the Higgs potential so that the EW phase 
transition is strongly first-order, a main difficulty of EW baryogenesis is that it requires large 
new sources of CP violation which are typically at odds with experimental constraints from 
electric dipole moments. 

EW baryogenesis has been investigated in detail mostly in the Standard Model [I] (where 
it is excluded by now [5JE|) and its supersymmetric extension [THTTj. The nature of the 
EW phase transition has also been studied in models of technicolor [12], although no full 
calculation of the asymmetry has been carried out in this context. The starting observation 
for this paper is that in models where the EW symmetry is broken by strong dynamics, the 
EW phase transition is typically too strongly first-order [T3HT6] , leading to supersonic bubble 
growth which suppresses diffusion of CP violating densities in front of the bubble walls, thus 
preventing the mechanism of EW baryogenesis [17] . Our goal is to revive another mechanism, 
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known as cold baryogenesis [TBH2B] and show that it is theoretically well-motivated and only 
relies on the existence of a nearly conformal sector at the TeV scale, something which will 
be tested at the LHC. Our conclusions will be general and model- independent. One major 
advantage of cold baryogenesis is that it does not depend on the details of the new sources of 
CP violation, which can be described by dimension-six effective operators which are totally 
unconstrained by EDMs. 

The cold baryogenesis mechanism is interesting in that it also only invokes Standard 
Model baryon number violation and beautifully makes use of the global texture of the SU (2) 
electroweak theory. Nevertheless, so far, it has not received too much acclaim because it 
relies on a somewhat unnatural assumption: a period of low-scale (EW scale) hybrid inflation 
with the Higgs as the waterfall field. The end of inflation is triggered when the Higgs mass 
turns negative and a spinodal instability gives rise to an exponential growth of soft Higgs 
modes. At this stage, all particles present before low scale inflation have been inflated 
away and the universe is cold and empty. Subsequently, the vacuum energy stored in the 
Higgs and inflaton fields reheats the plasma. This energy transfer happens far away from 
equilibrium, which makes baryogenesis during this period feasible. One of the weaknesses of 
this scenario is that low scale inflation requires a significant amount of tuning in the inflaton 
sector [20j[25j[28]. Besides, like for the Higgs, a fundamental light scalar inflaton implies a 
hierarchy problem. 

The purpose of the present paper is to demonstrate that the conformal phase transition in 
some models of strongly coupled electroweak symmetry breaking can lead quite generically to 
a situation in which cold electroweak baryogenesis is feasible. We want to keep the discussion 
as model-independent as possible. In addition to a nearly conformal potential for the dilaton, 
we only need to assume a sizable coupling between the dilaton and the Higgs as well as a 
slightly larger potential energy associated with the dilaton. Let us for instance consider a 
scalar potential of the type 

V(jm, 0) = /i 4 x ( P((/i//i ) e ) + V(0)//4 ) , (1) 

where \x is the canonical radion (dilaton) field which acquires a vev \i§ ~ 0(1 TeV). At 
the confining scale /io, an approximate conformal symmetry governs the dynamics. |e| 
parametrizes the explicit breaking of conformal invariance and we are working in the limit 
|e| <C 1 leading to a very shallow potential P((/x//xo) e ) with widely separate extrema. The 
Randall-Sundrum model [29] with Goldberger-Wise stabilization [30] is an explicit realiza- 
tion of this scenario where the stabilization of a warped extra dimension solves the hierarchy 
problem. It is dual, via the AdS/CFT correspondence, to a 4D theory where confinement 
is induced by an interplay of weakly coupled operators perturbing a CFT [3T]I52"]. As well- 
known from lattice studies, confining phase transitions are first-order for the rank of the 
SU (N) gauge group N > 3 (the exact bound depends on the matter content) and growing 
more strongly first-order as N increases. 

For our discussion, we do not need to specify the form of the Higgs potential V(4>), which 
can be Standard-Model like. The cosmological properties of the potential ([I]) are reviewed 
in a companion article [33]. The radion acts in this context similar to an inflaton and the 
conformal symmetry protects the Higgs as well as the radion mass thus solving the hierarchy 
problem. For example, let us consider the Randall-Sundrum scenario with the 5D warped 
metric ds 2 = e~ 2r / l rj pa dx p dx a + dr 2 (the radion field is then defined as ji — l~ x e~ r l l where 
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I ~ M™ is the AdSs curvature) and with the Standard Model Higgs field ip on the infrared 
brane. Because the radion arises as a gravitational degree of freedom, its coupling to the 
Higgs arises from the induced metric on the IR brane. The resulting 4D effective action for 
the Higgs is then: 

U = ^D^D^ - 4j(0 2 - v 2 ) 2 (2) 

where the Higgs ip has been redefined as cf> = [i l<p and v = fi lv where v ~ M Pi . We 
recover the second term in the potential (OQ) although for a non-canonical Higgs field 0. In 
the limit (/i) — > 0, one can easily see that the vev of the canonical Higgs is proportional to 
and therefore (fi) sets the EW scale. We also note that in the case of a little hierarchy 
;Uo > vq, we can neglect the Higgs contribution when studying the dynamics of the radion. In 
general (for instance if the Higgs is delocalized towards the bulk), the interactions between 
the Higgs and the radion will be different from (|2]) but this should not affect much our 
discussion. What we rely on in this paper is that the conformal phase transition leading to 
(/i) 7^ is strongly first-order and proceeds by bubble nucleation. This modifies significantly 
the standard picture of reheating. 

In the next section, we review the microscopic picture of cold electroweak baryogenesis. 
In Section[3]we discuss preheating after a stage of supercooling ended by a strongly first-order 
phase transition and argue that models with nearly conformal dynamics offer all the required 
conditions for successful cold baryogenesis. We estimate the resulting baryon asymmetry in 
Section @] and conclude in Section [5j 



2 Cold electroweak baryogenesis 



The main idea of cold baryogenesis relies on the evolution of winding number and Chern- 
Simons number in a fast tachyonic EW transition. In the 'standard' picture (see e.g. [T9]). 
the EW phase transition is triggered by a rapid change in the Higgs mass ( "quenching" ) in 
a nearly empty Universe. This can be arranged for instance in a low-scale inverted hybrid 
inflation scenario where the inflaton is coupled to the Higgs [M | [35 |[22TT2T| . The resulting 
tachyonic instability leads to strongly out-of-equilibrium conditions with an exponential 
growth of occupation numbers in the Higgs fields and after a short while the system becomes 
classical. The SU(2) orientation of the Higgs field is inhomogeneous in space such that 
different regions approach different minima in the Higgs potential, similar to a spinodal 
decomposition. The dynamics of the system can lead to substantial changes in the Chern- 
Simons number of the SU{2) gauge fields 
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and can therefore induce baryon number violation via the quantum anomaly that relates a 
change in baryon number B to a change in Chern-Simons number Ncs 



AB = 3AN, 



cs- 
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The key point is that the dynamics of the Chern-Simons number is linked to the dynamics 
of the Higgs field via the Higgs winding number 

N H = -^- [ d 3 xe ijk Tr tenO^a-fifi- 1 ^^ -1 ! , (5) 
24tt z J 

where Q is given by the elements of the usual SU(2) Higgs doublet <fi of the SM : 

-^n = (6**,0 = (_^ ; , P 2 = 2(^ 1 + ^ 2 ). (6) 

Both the winding number and the Chern-Simons number change under large gauge trans- 
formations. However, the variations ANcs, ANh and the difference 

5N = N cs - N H , (7) 

are gauge invariant. In the vacuum, SN = 0. A texture is a configuration which has 5N ^ 0, 
with a Higgs length p that is equal to its vacuum value everywhere and which only carries 
gradient energy. In the absence of gauge fields, textures are not stable configurations but 
shrink quickly and the vacuum configuration is the constant Higgs field with vanishing 
winding number. 

Cold EW baryogenesis is based on gauged textures of the EW gauge sector of the SM [37] . 
A gauged texture is also unstable and its evolution depends on its length scale L. A localized 
texture just collapses by changing Njj, in which case baryon number is not violated. However, 
if textures are spread out and larger than the size of gauge fields ~ , gauge fields can 
cancel the Higgs gradient energy and textures decay by changing the Chern-Simons number 
(thus producing baryon number) [38]. For example, consider the configuration 



[x — X 



which carries a non-trivial winding number (<7j are the Pauli matrices, L parametrizes the 
size of the configuration and xi its position). In order to produce such a configuration out of 
a trivial one (Q = 1), the Higgs field has to surpass a potential barrier. While the winding 
number of the configuration (jSJ) is rather homogeneously spread in space, roughly half of the 
winding is localized near the position of the Higgs zero for a configuration that is close to 
surpassing the barrier This 'half-knot' changes sign when the barrier is surpassed in a 
way that changes the total Higgs winding by one unit. Since the system has to approach the 
vacuum at later stages, the Higgs winding has to either decay {L — > oo) or be dressed by 
the gauge fields (A{ — > diQQ~ l ). In the latter case, this leads to a change in Chern Simons 
number, hence a change in baryon number. 

The inflaton dynamics can lead to a parametric resonance (preheating) when large am- 
plitude non-thermal excitations in both the inflaton and coupled Higgs field arise. During 
the EW phase transition and the following preheating stage, 5N ^ configurations are 
then abundantly produced. They eventually relax to zero. However, in the presence of CP 
violation, 5N > and 5N < winding configurations which have a size comparable to m^ 1 
evolve differently towards the vacuum. 5N < windings have a slight preference to relax by 
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Figure 1: In standard EW baryogenesis, baryon number violation occurs via high temperature 
induced sphaleron transitions, along the "vacua" line Nh = Ncs- In contrast, in cold baryogen- 
esis, sphaleron transitions are switched off and baryon number violation takes place in a two-step 
process via the production and decay of textures (configurations having Nh ^ Ncs)- First, large 
kinetic energy stored in the scalar sector induces Higgs winding transitions. Second, these winding 
configurations can decay by changing Chern-Simons number, thus producing baryon number. 

changing Nh while 5N > configurations have a slight preference to unwind by changing 
Ncs- The imbalance between a change in winding number and a change in Chern-Simons 
can then generate a net baryon number under out of equilibrium conditions. 

A common source of CP violation employed in this context is the higher dimensional 



which acts as a chemical potential for Chern-Simons number and yields the required bias 
towards baryon number generation. A major advantage of an operator of the form (Q is 
that the observed baryon asymmetry can be explained without conflicting with constraints 
from electric dipole moments. 

Because of the non-perturbative nature of the phenomenon, it is difficult to derive re- 
liable analytical estimates for the baryon asymmetry. However, a nice feature of cold EW 
baryogenesis is that most of the process can be simulated on a computer lattice (from the 
very early to the very late stages) [39 | l3 ^ [35 |l22H2l] . In particular, the behavior of winding 
and Chern-Simons number can be explicitly observed [26] . 

A crucial ingredient for a successful baryogenesis mechanism is to prevent washout of 
the baryon asymmetry which is possible if the tachyonic transition takes place in a cold 
universe. This is generally achieved by engineering a low scale inflaton coupled to the Higgs. 
Our goal in this paper is to show that there is another natural and well-motivated route for 
implementing cold baryogenesis: a nearly conformal phase transition at the TeV scale. 

To conclude this section, we point out that an earlier proposal for local EW baryogene- 
sis (in which B and CP occur together in space and time) based on the decay of textures 

1 Operators obtained by integrating out the SM fermions [4T)H4l5] have also been advocated as efficient 
CP violating sources for cold EW baryogenesis |441l4"5] . However, the validity of the approach can been 
questioned due to the role of hard modes in the generation of winding number (i.e. harder than the charm 
or strange quark mass which is the inverse of the expansion parameter in [43]). Furthermore, the operators 
of [43] could not be reproduced using different techniques [4"6]l47]. 




Ocpv = ~L<P ] <PFF, 



(9) 
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was made in Ref. [H7JSE1SH1EE]- It assumed a first-order EW phase transition, proceeding 
through the nucleation and expansion of bubbles filled with the new (broken) phase. The 
idea was based on the production and decay of configurations carrying non- vanishing winding 
number while the passing bubble wall drives the system out-of-equilibrium. It was however 
later shown that this mechanism does not lead to a sufficient baryon asymmetry [38]. This 
problem was cured in the so-called non-local (by charge transport) and now standard EW 
baryogenesis mechanism [50] where CP violation originates in the fermionic sector and is 
transported by diffusion into the symmetric phase where sphaleron transitions are unsup- 
pressed and biased by the CP-violating fermion densities, thus producing the baryon asym- 
metry. However, in this case, the asymmetry is produced at high temperature and leads to 
strong constraints on the finite temperature Higgs potential nature via the sphaleron bound 
(f)/T > 1 where <fi and T are evaluated at the nucleation temperature. In contrast, in cold 
baryogenesis, the EW phase transition takes place at very low temperature (and does not 
have to be first-order). AB generation in cold and standard cases are sketched in Fig. [TJ 

3 Preheating after a relativistic first-order phase tran- 
sition 

For cold electroweak baryogenesis to be viable, one has to ensure that in the first stage of 
the reheating process, most of the energy resides in the scalar sector with momenta of the 
order of the electroweak scale before the system approaches equilibrium. This is the topic 
of this section. We have seen earlier that at the EW symmetry breaking transition, the 
Higgs field produces winding as it falls towards the vacuum. Ignoring gauge fields, winding 
configurations collapse and unwind. In a gauge theory, the behavior of textures is more 
complex. The tendency of the Higgs field to unwind is competed by the gauge fields which 
can cancel gradient energy in the Higgs field. In particular, if the initial size L of the winding 
configuration is L < the gradient term in the Higgs field is large and pulls the Higgs field 
over the potential barrier and changes Njj to match Nqs whereas if L > the gauge field 
changes winding number to match Nh- To produce baryon number, we need to change the 
value of Ncs so what is crucial is to determine under which conditions winding configurations 
can be produced during a first-order phase transition and what is their typical size. The first- 
order phase transition we have in mind refers to the conformal phase transition described in 
detail in [33] which implies that the induced electroweak symmetry breaking can take place 
at a temperature below the sphaleron freeze-out temperature. Since the radion vev induces 
a Higgs vev, the bubbles should be understood as both radion and Higgs bubbles. 

Before percolation, the energy budget of a first-order phase transition depends on several 
factors such as the amount of latent heat released or the friction in the bubble wall [17] . Part 
of the energy is transformed into bulk motion and heat in front of the wall or is absorbed by 
the particles that climb the potential well induced by the changing scalar field vev. These are 
the microscopic processes that counteract the expansion of the bubble walls and constitute 
the friction felt by the scalar field. However, in the case of interest, the universe is cold and 
almost empty when the phase transition occurs such that the surrounding plasma cannot 
efficiently hinder the wall expansion and most of the energy is used to accelerate the wall [51] , 
quite similarly to the situation in vacuum [52]. After some time of expansion, the walls are 



6 



highly-relativistic and since their size at the end of the phase transition is of order of the 
Hubble constant they can reach velocities of order j w ~ {wipi/mw) 1 ^ 2 ~ 10 8 . 

At the end of the phase transition, most of the energy of the system is localized in 
the expanding bubbles. Ultimately, when the bubbles start to collide and percolate this 
energy has to reheat the universe in a feasible cosmological scenario in order to reproduce 
the predictions of big bang nucleosynthesis. There are competing effects that are relevant 
in this era of equilibration, as e.g. particle production [53] or production of classical scalar 
waves [5lJ|53j[55j|56] by reflection of the coherent bubble walls. 

Let us consider the production rate of a fermionic species that interacts with the scalar 
field <p via a Yukawa interaction during bubble collisions 

C 3 gip<pip. (10) 

The number of particles produced per area is [53] 

f = 2 /^ l0(w ' fc)|2lmr(2)(w2 - fc2) ' (U) 

where (j>(u), k) denotes the Fourier transform of the Higgs field configuration and denotes 
the second derivative of the effective action that in perturbation theory to leading order is 
given by 

2 2/ A 2 \ 3/2 

Imr( 2 V) = ^ f 1 - e(p 2 -4m 2 ), (12) 

for a fermion ip of mass m. We use in the following this expression to estimate the energy 
that is transfered into the fermionic sector during reheating. 

The production of sufficient Higgs winding number requires sizable kinetic energy in the 
Higgs field in the form of classical configurations that can surpass the potential barrier. This 
is prohibited if the energy of the scalar sector is drained too fast into fermions. How efficient 
scalar wave and fermion production is depends crucially on the vacuum structure of the 
scalar sector and in the following we will discuss three relevant cases in the limit of highly 
relativistic bubble wall velocities, ^ w — > oo, namely 

(a) a periodic potential 

(b) a potential with two nearly degenerate minima 

(c) a potential with two asymmetric minima 

During the phase transition the dynamics of both fields, Higgs and radion, are in principle 
important. The Higgs is most important for the generation of the baryon asymmetry via 
Higgs winding and Chern-Simons number. On the other hand, the radion will dominate the 
dynamics of the phase transition due to a slightly larger energy scale. Hence, whether the 
system goes back to the symmetric phase after the collision depends mostly on the features 
of the radion potential. In the following, we identify the scalar potential under consideration 
with the nearly conformal radion potential that belongs to the last category above. 

First, if the vacuum structure is periodic, colliding bubble walls do not reflect and pass 
freely each other without interfering much (see Fig. [2^ a)). Energy is very slowly carried 
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(a) (b) (c) 

Figure 2: The path of the scalar field for the three different potentials a), b), c) discussed in the 
text. "1" denotes the path in the expanding bubble walls. "2" is the path during the collision. "3" 
is the path in the collided region. 

over from walls to the scalar (radion and Higgs) sector. Most of the energy decays into 
SM particles before it is accumulated in the scalar sector. Besides, particle production is 
suppressed by the Lorenz factor 7^ of the colliding bubble walls [53] . 

Secondly, in the case (b) where the scalar potential has two nearly degenerate local 
minima, the expanding bubble walls bounce in the potential and reflect at each other (see 
Fig. E](b)). This reestablishes a region of symmetric phase between the collided bubble 
walls. The expansion of the bubble walls is counteracted by the pressure difference, such 
that the bubble walls are slowed down and finally the symmetric phase collapses again 
(as shown in Ref. [53] and in the left plots of Fig. [3] and Fig. H]). Each collision releases 
some fraction of the wall energy into scalar waves. Most of the energy is radiated away 
after a few collisions. Even though expanding bubble walls do not decay into fermiongj, 
thermalization occurs by production of scalar waves. The different collisions are separated 
by a time of the order of the Hubble time, which is much longer than the electroweak time 
scale that determines the decay rate of the classical scalar waveg^]. This constitutes a serious 
problem for us since the process of transferring the bubble wall energy into EW scale scalar 
configurations is very inefficient. On top of that, the reflections of bubble walls themselves 
lead to significant particle production: a fixed fraction g 2 of the energy of the colliding walls 
goes into production of fermions [53], even in the limit j w — > 00. Hence, in the case of nearly 
degenerate vacua, a sizable fraction of the energy will be drained into the fermionic sector. 
Therefore, it is questionable that a sizable energy fraction is present in the form of classical 
kinetic energy of the Higgs field. 

The potential (c) with two asymmetric minima gives different results. When two scalar 
bubbles collide, the scalar field bounces and is reflected close to the symmetric phase. How- 
ever, a partial loss in energy implies that the field only approaches the old minimum to a 
certain extent. In Ref. [57|,[58], it is shown that the walls are reflected only if the field can 
reach the basin of attraction of the symmetric minimum. If not, the field bounces back close 
to the symmetric minimum but remains in the basin of attraction of the broken phase. In 

2 This can be seen by noting that the wall profile has no time-dependence in the co- moving frame and 
only a support for p 2 < in Fourier space. Hence there is no particle production according to . 
3 Using (TTTj) the decay rate of the classical Higgs waves is basically the one of the Higgs particle. 
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Figure 3: Collision of planar bubble walls (with initial velocity v w = 0.5) using the potential (fT3|) 
for A = 1. The left (right) plots are respectively for the nearly symmetric (77 = 0.2) and asymmetric 
(77 = 0.6) potentials. In case (b), the walls are reflected, and eventually stop expanding until the 
symmetric phase collapses again. In case (c) the field cannot leave the basin of attraction of the 
broken phase. These plots correspond to different slices of the collisions shown in Fig. [5J 



this case, the field approaches after a short while the broken minimum and starts oscillating 
around it (see Fig. EJjc)). This very much resembles the situation of the tachyonic instability 
after low-scale inflation. 

There are two relevant parameters that decide in which basin of attraction the field ends 
up. For highly relativistic walls, 7^ — > 00, the field tends to bounce closer to the symmetric 
phase. The second relevant quantity is the size of the basin of attraction of the symmetric 
phase. We checked that for a very shallow potential with widely separated minima fi + and 
\i- [33], reflection is very unlikely due to the huge hierarchy < 1 and as a result the 

basin of attraction of the symmetric minimum is unattainable. 

This situation is demonstrated in Fig. [3j @] and [5] where we display the results of a 
simulation of the collision of two planar bubbles in a potential of the form 

V(<f)) = A(0 2 - v 2 ) 2 + 77 v<P(<p 2 - 3v 2 ). (13) 

The scalar field obeys the two-dimensional equation of motion 

^-aft = — , (14) 

and the initial conditions are chosen as bubbles with opposing expansion directions with wall 
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Figure 4: Collision of planar bubble walls for the potential (|13p with A = 1. The top (bottom) 
plots use as initial wall velocity v w = 0.5(0.98), respectively. The left (right) plots are for the 
symmetric (asymmetric) potential with rj = 0.2 (0.6). Light (dark) gray corresponds to the broken 
(symmetric) phase. In the left case, the walls are reflected, and eventually stop expanding until the 
symmetric phase collapses again. In the right case, the field cannot leave the basin of attraction 
of the broken phase. The last pair of plots shows the time evolution of the fractions of the total 
energy in potential energy, bubble wall energy and "kinetic" energy of the classical scalar field in 
the case v w = 0.5 (see text). 
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Figure 5: 3D plot corresponding to the bottom right plot of Fig. SJ 



thickness l w and velocity v w . For a single bubble we use 

</>(*>*<)) = y [l±tanh (j w [v w (t-to) - (z - z )) /Q ] , (15) 

and we choose the wall thickness to be the value obtained in the thin wall approximation 
(7" 1 = y/2Xv). The parameter rj quantifies the level of degeneracy of the two minima. We 
show results for the two values 77 = 0.2 and 77 = 0.6. In the rather symmetric case (77 = 0.2), 
the walls bounce back to the symmetric phase. In the asymmetric case (77 = 0.6), the field 
stays in the basin of attraction of the broken phase and starts oscillating around it after a 
short while of slow roll behavior close to the maximum. Notice that in both cases bubble 
walls are present after the collision and store the predominant fraction of the vacuum energy. 
In the asymmetric case, the reflected walls do not loose their energy while expanding into 
the broken phase and they expand until they meet another reflected wall and thermalize by 
scattering. We have checked that we obtain similar results for a nearly conformal potential 
of type ([1]). The 3D representation of the collision corresponding to the bottom right plot 
of Fig. H] is shown in Fig. |5j 

In the bottom plots of Fig. HI we show the fraction of the energy stored in gradient 
and kinetic energy of the scalar field, since this is the relevant quantity determining the 
production of winding configurations. What we call "kinetic" is the sum of the gradient 
plus kinetic energy in the broken phase excluding the wall. Note that the total energy in 
the asymmetric case is about a factor 3 larger than in the symmetric case (due to the larger 
difference in the potential minima). Note also that most of the "kinetic" energy in the 
symmetric case actually results from the wall: When the bubble wall changes direction, the 
wall becomes thicker and reaches into the region that we attribute to the broken phase (see 
Fig. |3]). From these plots, it is clear that for nearly degenerate minima, there is little energy 
transferred in kinetic energy of the scalar field whereas for an asymmetric potential (c), a 
large fraction of the energy ends up in gradient and kinetic energy of the Higgs. 

We conclude that bubble collisions in an empty universe as arising in a nearly conformal 
phase transition lead to a situation that closely resembles the situation after low-scale hybrid 
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inflation: First, bubbles nucleate and expand. Then, the walls are reflected and sweep space 
a second time. After the bubble wall has passed a second time, the scalar vev is arranged 
close to the symmetric phase but beyond the potential barrier of the asymmetric potential (in 
the basin of attraction of the broken phase). Subsequently the field approaches the broken 
minimum and releases the potential energy while oscillating around it. After the walls swept 
all space twice, the scalar field is everywhere in the basin of attraction of the broken phase 
and reheating begins. The bubble walls collided only once during this early stage and energy 
drain into the fermionic sector is rather small. 

In summary, the important point is that a large kinetic energy is taken from the radion 
field and drawn into the Higgs sector (we are assuming that there is a sizable coupling 
between the Higgs and the radion fields). Like in usual preheating the radion has time to 
oscillate before it decays. This is put by hand in the hybrid inflation model of original cold 
baryogenesis. In our setup, the radion plays the role of the inflaton. However, we do not 
have to assume slow-roll since inflation is due to supercooling. Besides, another interesting 
feature is the little hierarchy between the scale of conformal symmetry breaking and the 
scale of EW symmetry breaking. Because the energy in the radion sector is large relatively 
to the Higgs sector, it is easy to produce Higgs winding number by pumping energy from 
the radion sector. 

4 Estimate of the baryon asymmetry 

The production of Higgs-winding requires the occurrence of zeroes in the Higgs field. In the 
simulations of tachyonic preheating, this happens via the self-interactions of the Higgs field 
and the complexity of the dynamics in the SU(2) gauge space. Our simplistic simulations 
do not include the gauge structure and we therefore cannot study the production of winding 
number at the end of the transition. The main point we made in the previous section is that 
at the end of the transition, almost all the energy of the system resides in the potential and 
kinetic energy of the scalar field. We believe this makes abundant Higgs winding production 
very plausible once the gauge structure is included. Compared to the scenario of low-scale 
hybrid inflation, there is significantly more energy in the scalar sector at this stage since not 
only the Higgs but also the radion potential energy fuels the scalar dynamics (in slow-roll 
inflation most of the potential energy of the inflaton is inflated away). In fact, the difficulty 
might be not to have too much energy in the system and to keep the reheat temperature 
low enough. The reheating temperature has to be below the temperature Tew a t which 
the electroweak symmetry is restored and at which sphalerons are active in order to prevent 
the washout of the baryon asymmetry. In models of nearly conformal dynamics at the TeV 
scale, whether the reheat temperature exceeds Tew actually depends on the Higgs and radion 
masses, as discussed in detail in [33] . 

A second difference is in the specific initial conditions. In hybrid inflation, these initial 
conditions are set by the spinodal instability in the Higgs sector with random orientation in 
SU (2) gauge space. The Higgs field approaches and oscillates in the Mexican hat potential 
everywhere more or less at the same time but with a different direction in SU(2) space at 
different locations. This large degree of disorder leads to the fact that thermalization in 
the Higgs sector happens relatively fast [M|l59]. In contrast, in our simulations, the time 
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when the Higgs approaches the potential minimum depends on the position in relation to the 
colliding bubble walls, and from our plots, the fields appear much more ordered. Clearly, this 
is due to the fact that we neglect the SU(2) gauge structure, while colliding bubbles with 
different phases in gauge space lead to magnetic fields and a certain amount of disorder [60J. 
Still, if two colliding bubbles had the same orientation in gauge space, the problem would 
effectively become one- dimensional. This should partially suppress the early generation of 
Higgs winding. Furthermore, due to the lower degree of disorder in gauge space, it is expected 
that the thermalization of the scalar sector takes a longer time. 

Having these differences in mind, we state a rough estimate of the baryon asymmetry in 
cold electroweak baryogenesis as given in [34"ll2T|. The estimate is based on the fact that the 
CP violating operator in eq. ([9]) can be interpreted (after partial integration) as a chemical 
potential of the Chern-Simons number 

(fx—tf^FF^fdtUcsNcs, (16) 



of size 



M 2 

^«]^|<*V>. (17) 
The resulting estimate for the baryon asymmetry reads [TH] 

-«3xlO- 5 ^(^V, (18) 
s M 2 \T rh J K J 

where T e ff is the effective temperature of the soft Higgs modes Q Ultimately, simulations in 
the context of inverted hybrid inflation gave the result [27] 

Tin q v 2 , . 

focSxlO- 3 — , (20) 

corresponding to an effective temperature of order T e ff ~ 5T r h. 

This has to be confronted with the experimental constraint on the operator (Q that 
contributes e.g. to the electric dipole moment of the electron. The arising dipole moment 
has been estimated to [38] 



d e m e sm 2 (6 w ) 1 , M 2 + m 2 „ 

~ lncr — 



M 2 m H 



r2 



log J 2 H - (21) 



For a Higgs mass m# ~ 200 GeV, the upper bound on the electric dipole moment [BT] . 
d e < 1.6 x 10~ 27 ecm, leads to the constraint M > 14 TeV. Comparison with the estimates 
(|T9|) and (1201 shows that in the present setup baryogenesis is possible as long as the radion 
fuels the scalar sector with enough energy, which is not a problem as demonstrated in the 
previous section. 



4 Using the even more simplistic estimate of |18j . one arrives at a smaller asymmetry: 

I v 2 ( v 
M 2 \TVh 



ns «4xio-^r^y. (i9) 
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The form of the new CP violation source will most probably not have a large impact on 
the result as long as it solely involves the Higgs and gauge fields, as the simulation with a 
different source in Ref. [H] indicates. Nevertheless, one has to admit that the above estimate 
can at best predict the early production of Chern-Simons number while for the final baryon 
asymmetry also the evolution of the Higgs winding plays an important role (this is nicely 
demonstrated in [27]). An ultimate judgment can at this stage only come from simulations. 

5 Conclusion 

In the last twelve years, the scenario of cold baryogenesis has been based on a (not par- 
ticularly motivated) hybrid inflation model. Somehow, it had not been thought of in the 
context of reheating from bubble collisions. Indeed, first-order phase transitions have been 
commonly studied based on standard polynomial potentials, in which case the amount of 
supercooling is not sufficient for cold baryogenesis to work. However, nearly conformal po- 
tentials coupled to the Higgs sector, as motivated by a dynamical solution to EW symmetry 
breaking, can lead to the ideal conditions for a cold electroweak phase transition [53] . 

We have shown that during bubble collisions, there can be very efficient energy transfer 
from the bubble wall to the classical Higgs gradient and kinetic energy, hence allowing 
the production of a large population of winding configurations and non-zero Chern-Simons 
number. Like in usual EW baryogenesis, the source of baryon number violation is purely 
Standard Model-like. In this sense, the scenario we propose is based on rather conservative 
assumptions. The mechanism relies on classical dynamics of the gauge and Higgs field of 
the Standard Model at the EW phase transition when assuming non-standard CP violating 
effects (typically through a dimension-six operator involving the time-variation of the Higgs 
field). Most of the baryon asymmetry is produced when the Higgs is rapidly rolling down 
its potential, while the gauge fields relax to cancel the gradient energy of the Higgs field. 

For the mechanism to work, it is crucial that it takes place in a cold universe, where the 
coherent bosonic fields can evolve unhindered by the thermal plasma [19]. Besides, the Uni- 
verse has also to be sufficiently cold after the EW phase transition so that thermal sphalerons 
production does not wash out the baryon asymmetry produced during preheating. This is 
the case provided that the radion is relatively light and/or that the Higgs is heavy enough, 
so that the reheat temperature is naturally below the sphaleron freeze out temperature [33] . 

Our arguments remain qualitative and we believe they motivate further study. It would 
be interesting to make numerical simulations similarly to what has been done for hybrid 
inflation [3T ^ I3~4" 1 131) 1 12"2"H2"4] . At first sight, this seems impossible in the context of first-order 
phase transitions, since the problem involves two widely separated scales: The size of the 
bubbles and the electroweak scale. However, in the case of a nearly conformal potential, the 
size of the bubbles is no longer important after the first stage of bubble collisions (see Fig. H]) 
and the simulation of Higgs winding production seems feasible. 

Finally, we stress that the underlying theoretical framework we have in mind can be 
studied in an extra-dimensional context. Holography has proved to be very useful to calculate 
quantities in strongly coupled theories. We note that there may be interesting related physics 
concerning the TeV mass skyrmions of [62] which may be abundantly produced at preheating 
in the way we have shown and could either play a role in baryogenesis or dark matter 
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generation (as they can be stable). 
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